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“The genetic control of
embryogenesis seemed to be just
beyond any methodology that we
could achieve. And that in a way
held back progress, the fact that
we didn’t think we had an organism
which we could do it in.” 
Ed Lewis, who died on 21 July
aged 86, was an example of that
rare and underfunded breed, the
scientific loner. From the moment
he arrived at Caltech in August
1939, bringing his own project with
him, to the last years of his life,
feted and honoured as a Nobel
laureate, he pursued his own ideas,
working for the most part alone.
Early on in his career he became
convinced that he had evidence to
support Calvin Bridges’ hypothesis
that new genes arise from old by a
process of tandem duplication
followed by divergence. He lived to
see that belief vindicated, although
not in the way that he (or anyone
else) had anticipated. In the
process, not only the dark
prehistory of evolution but also the
molecular basis of embryogenesis
was illuminated. The key that
unlocked both these areas was the
bithorax complex, a gene cluster in
Drosophila melanogaster that
Lewis discovered and dissected.
Lewis was born on May 20, 1918,
in Wilkes Barre, Pennsylvania, the
second of two sons. A child of the
depression, the family struggled to
make ends meet after his father, a
watchmaker, was thrown out of
work. His childhood hobbies were
playing the flute and building
terraria and aquaria. Both lasted a
lifetime: visitors to Caltech might be
introduced to a baby octopus, and
his fellow night owls would catch
the sweet sound of the flute in the
hours between midnight and dawn.
Typically, his entrance into
Drosophila genetics was self-
generated. Reading his way
through the town library he came
across diagrams illustrating the
sex-linked inheritance of white eyes
in Drosophila and discovered that
you could buy cultures for $1 each.
(It was the fact that the breeding
“could be expressed
symbolically… almost like algebra”
that appealed to him.) His parents,
who tolerated large snakes in his
bedroom, seem to have drawn the
line at flies, and it was his high
school biology teacher who gave
him space and freedom to work
after school hours. Here he teamed
up with a schoolfriend, Ed Novitski.
Their supplier put them in touch
with Calvin Bridges, who “wrote
long letters back to us, about how
to grow the flies, and sent us more
mutants”. Their most notable
success in high school was
Novitski’s discovery of the mutant
heldout in 1935, later to be
rediscovered and renamed
decapentaplegic. 
The two friends went to different
universities but were reunited
three years later as graduate
students at Caltech. Lewis went
first to Bucknell College for a year,
on a music scholarship, and then
to the University of Minnesota,
chosen for its low out-of-state
fees. Here he was helped
financially by his elder brother and,
by taking exams for courses he
had not attended, graduated in
Biostatistics in two years.
He was also given space in the
Drosophila laboratory of C.P. Oliver
and began the study of multiple
allelic series that led him to the
bithorax complex. Oliver had
observed the occasional
appearance of wild-type flies in
crosses between two alleles of a
rough-eyed mutant, lozenge, but
was unable to decide whether this
represented crossing over within
an allelic series (unheard of at the
time) or reverse mutation. What
was needed was the reciprocal
crossover, the double mutant.
Lewis began working on another
pair of rough-eyed mutants: Star, a
well-known dominant, and a new
mutation found by Novitski that
was thought to be a recessive allele
of Star. At Minnesota, crosses
between the two produced only a
single wild-type fly, but on his
arrival at Caltech he decided to
continue the search. As Lewis has
pointed out, this was a high-risk
project, looking for rare events. 
In the event it was spectacularly
successful. By a complicated feat
of genetics Lewis succeeded in
isolating the double mutant and in
the process discovered the
cis–trans position effect, in which
two mutant alleles in trans (on
opposite chromosomes) show a far
more extreme phenotype than
when they are in cis (on the same
chromosome). He was also able to
locate Star and its new allele, now
named asteroid, to one of the
‘doublets’ that Bridges had
observed in the salivary gland
chromosomes. Bridges had
suggested that these represented
cytological evidence for the
tandem duplication of genes, and
Lewis decided he now had the
genetic evidence: two closely
linked genes with similar effects.
“Because that's what I was after,
looking for tandem duplications
established in the species that
Bridges said were in evidence in
the salivary gland chromosomes.”
The interactions between Star and
asteroid he interpreted as evidence
of their recent evolution. 
In December 1941, the United
States went to war and the paper
detailing these results was not
published until 1945. By that time
Lewis was in the Pacific, as
weather officer on one of the
command ships anchored in
Okinawa. (His ‘postdoc’ had been a
one-year MSc in meteorology.) He
had already decided that after the
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war had ended he would look for
more examples of what he was
soon to call position
pseudoallelism. R.A. Millikan, the
President of Caltech, had promised
him a job as Instructor on his
return: Lewis was a rising star.
At the 1951 Cold Spring Harbor
symposium, Lewis gave a paper in
which he argued that new genes
must arise from pre-existing ones
and that duplication is necessary to
retain the function of the old gene.
By now he had more examples of
pseudoallelism, the most intriguing
containing three genes, not two:
bithorax (bx), Ultrabithorax (Ubx)
and bithoraxoid (bxd) are all
located in a pair of Bridges’
doublets: bx and bxd complement
each other, so behave like separate
genes, but Ubx, which Lewis had
mapped between them, is allelic to
both. Moreover these mutants had
qualitative as well as quantitative
effects, transforming the
morphology of the third thoracic
segment so that it now resembles
the second. The most noticeable
change is an enlarged and wing-
like haltere.
Mutations transforming
something ‘into the likeness of
something else’ are often
described as homeotic, following
William Bateson’s 1894 definition.
Lewis himself tried to avoid the
word, believing, like his PhD
supervisor A.E. Sturtevant, that it
was “somewhat mystical”.
(Sturtevant wrote of his own
supervisor, Thomas Hunt Morgan,
that he thought the two dirtiest
words that he knew were
metaphysical and mystical.
“Metaphysical to him meant a
philosophical dogma, an
interpretation that wasn’t open to
experimental test.”)
Over the next 25 years Lewis
was to publish very little, with most
of that ‘buried’ in conference
proceedings or journals that were
not widely read. A notable
exception was a paper in Science
in 1957. A conversation over lunch
at the Caltech Athenaeum faculty
club, in which his Physics
colleagues insisted that there was
a threshold below which radiation
is safe, made him “so mad” that,
according to Pam Lewis, he
researched and wrote the paper at
breakneck speed. Realizing that
even his intelligent colleagues
would not accept evidence from
flies, he used data from four
different sources (survivors of
Hiroshima and Nagasaki;
radiologists; adults and children
given radiotherapy) to show a
linear relationship between the
dose of radiation and leukaemia.
The possibility of the bone-seeking
Strontium 89 and 90 isotopes
having an effect on bone marrow
had not even been considered and
Lewis’s calculation, using
extremely conservative risk
elements, that the dose the
government considered safe would
cause a 5–10% increase in
childhood leukemia caused a
public uproar. Lewis sent a draft to
his Caltech colleague Linus
Pauling, who used the risk
estimates to calculate the number
of leukaemia deaths worldwide
caused by radioactive fallout, and
another colleague, Harrison Brown,
passed the findings on to Albert
Schweitzer, winner of the 1952
Nobel Peace Prize, who included
Lewis’s finding of an effect on bone
marrow in a statement issued by
the Nobel committee. 
Lewis subsequently served for
many years on national and
international committees
concerned with the genetic and
somatic risks of radiation and
published more papers on the links
between radiation and cancer. He
did not think leukaemia the most
important effect of radiation,
simply a case where there were
good data. He was proud of this
part of his life: both he and Pam
wanted me to know about it and it
takes up a large part of his
Autobiographical Sketch.
During these years the
Drosophila community had shrunk,
as money and students moved into
first fungi and then viruses, but in
the mid-sixties that trend began to
be reversed. Some of these
newcomers came from the
diaspora of the phage group:
Seymour Benzer returned to
Caltech in 1967 and started
building a Drosophila group to look
at the genetics of behaviour; a year
later David Hogness came through
on the sabbatical that was to take
him into Drosophila and to found
Drosophila molecular biology. That
coincided with the first visit of
Antonio Garcia-Bellido who came
from a thriving group in Zurich
working on Drosophila
developmental biology, a tradition
that did not exist in the States. “I
think an important thing to
remember about the whole area of
developmental genetics was that it
had been a general feeling, by
everybody, that you couldn’t do
embryology in Drosophila… People
also had the idea that nuclear
genes might not have much to do
with development, that
development was due to self-
reproducing cytoplasm.”
In 1964 Lewis had used somatic
recombination to show that the
bithorax genes are expressed cell
autonomously, that is that they do
not interact with neighbouring
cells, but it was Garcia-Bellido’s
revival of the technique of clonal
analysis that persuaded
embryologists working in other
insects, notably Peter Lawrence in
Cambridge, to move into
Drosophila and make use of its
genetic tools. It was also Garcia-
Bellido’s enthusiasm that
persuaded Lewis to go back to a
deletion he had created some
years earlier, in which both
‘doublets’ have been removed. The
deletion was, as expected, lethal
(homozygous Ubx is lethal) but the
flies die around the time that the
embryos hatch as larvae, at a stage
when the cuticle is already formed.
That made it possible to see that all
the abdominal segments now
resemble thoracic segments, and
for the first time connected the
bithorax genes to embryogenesis.
“We had no idea until we had a
deletion that we had anything that
was interesting embryologically.
You see they were all adult
imaginal disc things... That broke
the whole thing open, because now
you could see that it was not
homeosis per se; it was much more
fundamental. It was turning
segments to a ground state.”
Starting from scratch, Lewis
now worked out techniques for
making rapid embryo
preparations and identified a
system of morphological markers
that would allow him to
differentiate between different
segments of the embryo. He then
invented an ingenious strategy of
adding back to the deletion
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different parts of the wild-type
complex, using genetic
rearrangements. “It was the first
time that we could ever base
conclusions about the wild-type
function of these genes by adding
the wild-type to nothing.
Everything in the field before that,
consisted of getting these strange
mutant effects, and saying, well if
the mutant did this, the wild-type
must have been doing that. And
usually you were wrong,
completely wrong.”
The results of these experiments
were published in Nature in 1978
as part of an enormously influential
‘review’. Amongst the complexities
of Lewis’s genetic data, two things
stood out. One was that the order
of the genes along the
chromosome parallels the structure
of the fly. The second was that,
once expressed in a given segment
(as judged by morphology), a gene
remains on in more posterior
segments. By now Lewis was
explicitly stating that the function
of the bithorax genes is to repress
or activate other sets of genes that
directly determine the structures
that characterize a given segment,
an idea that had been proposed by
Antonio Garcia-Bellido in 1974. At
that time Lewis predicted there
would be at least nine bithorax
genes, Ubx and eight others for the
abdominal segments. This was
later to be reduced by Gines
Morata to three, using lethal
complementation analysis: Ubx
and two abdominal genes.
One of the many people to be
intrigued by Lewis’s model was
Hogness, whose lab by now was
pioneering the first chromosome
‘walk’, moving along the
chromosome via overlapping
clones, and Hogness realized that
they were sufficiently close to the
bithorax complex that, given a
suitable inversion, they could
‘jump’ into it. That jump plunged
the Hogness lab into a project that
has occupied generations of
postdocs and along the way
established the molecular basis of
many of Lewis’s genetic
phenomena. As the gene products
of the bithorax complex were at
that time completely unknown, the
only way of identifying the gene(s)
within the DNA was to map the
bithorax mutants onto the genomic
DNA, using the breakpoints
associated with cytological
rearrangements. Most of these
mutants came from Lewis, who
stayed in touch with the project
throughout. Michael Akam recalls
that, when Lewis and his wife Pam
came up to San Francisco for the
opera, they would take the bithorax
group out for a meal and listen to
their results with amazement mixed
with disbelief. In 1980 Welcome
Bender, who with Pierre Spierer
had started the walk, spent three
months at Caltech and used the
huge legacy of mutations in the 18°
room to show that many of them
are due to insertions of
transposable elements. 
The molecular data, as
summarized by Lewis in his 1995
Nobel lecture, revealed that only
2% of the bithorax complex codes
for protein, with the remaining 98%
a vast region in which both trans
and cis regulation act to control the
spatial and temporal expression of
the protein products. Many of
Lewis’s most striking phenotypes
involve the disruption of cis-
regulatory regions rather than
alterations of the coding sequence.
His discovery of both cisvection
(the cis–trans effect) and
transvection (a phenomenon in
which a rearrangement of the
chromosome that disrupts the
somatic pairing of homologous
chromosomes in heterozygotes
increases the severity of the
bithorax phenotype) were thus
both put on a molecular basis.
Lewis described transvection as
“the most exciting thing I ever did”,
on the basis that he made a simple
prediction — based on the
hypothesis that the gene products
of the bithorax genes can diffuse
for only very short distances — that
worked “like a charm”. The effect
was so reproducible that Lewis
was able to use it to assay the
dose of fast neutrons delivered by
an atomic bomb test in the Nevada
desert. That result, published in
1954, may well have influenced his
opinion of testing atomic weapons
in the atmosphere.
What was not confirmed was
Lewis’s prediction that there
would be duplications within the
bithorax complex, revealing its
evolution by duplication and
divergence. That had to wait until
1985 when a search for
homologies between the
Antennapedia gene (cloned in
both Walter Gehring’s and Tom
Kaufman’s labs) and Ubx revealed
a common highly conserved motif
in their protein-coding regions.
This motif was christened the
homeobox by Gehring and the
discovery that it resembled a
helix–turn–helix DNA-binding
region was one of those moments
when the reality, although long-
predicted, seems too good to be
true.
Bill McGinnis in Gehring’s lab
went on to show that the
homeobox is present in all
homeotic genes. The majority are
in fact in the Antennapedia
complex, proposed by Kaufman in
1980 as an equivalent gene cluster
controlling the segmental identity
of the anterior of the fly. A quick
‘zoo blot’ by McGinnis using low-
stringency hybridization then
revealed the presence of
homeoboxes in other phyla:
worms, frogs, mice and men. That
suddenly brought the traditional
world of embryology into the
picture and turned Lewis’s lonely
stamping ground into one of the
hottest areas in biology. In most
organisms the complexes are
together in a single homeobox
complex, in which even the order
of the genes is the same. This
implies that the colinearity that
Lewis discovered in Drosophila is
so essential that it has been
preserved over the millennia since
insects and vertebrates parted
company. 
Lewis himself went back to his
first love, the genetic basis of
evolution, searching for similarities
between Ubx and the abdominal
genes, and most recently using
variations within the homeobox
cluster to construct a phylogenetic
tree of Drosophila species. He saw
the conservation of the homeobox
as confirmation of his starting
point, and a valedictory piece
about Bridges, published only last
year, ends by saying that Bridges
“would have liked that”. He
remained to the end what he
always was, interested in the
science.
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